
January 31, 1971 

Report No. 32 

Final  Report 

THEORETICAL RESEARCH--EI&CTRONIC, IONIC, AND ATOMIC IMPACT PHENOMENA 

By: Felix T. Smith, Manager 
Molecular Physics Group 

Prepared for: 

NATIONAL AERONAUTICS AND SPACZ ADMIFISTRATION 
Washington, De C. 

Copies to: Dr. A. Temkin 
Goddard Space F l ight  Center 
Greenbelt, Maryland 

SRI Project No. PYU-4070 Contract No. NASr-49 ( 0 7 )  

Approved: 

E. M, Kinderman, Director 
Applied Physics 



In t roduc t ion  

This  r epor t  summarizes t h e  accomplishments of a long- las t ing  
program on the theory of atomic and molecular c o l l i s i o n s  t h a t  has been 
supported by NASA under Contract  No.  N A S r - 4 9 ( 0 7 )  from 1961 t o  1970 and 
was supported i n  1960-61 by an e a r l i e r  NASA con t rac t ,  NASW-80. The 
p r i n c i p a l  i n t e n t  of t h i s  program has been t o  develop t h e  understanding 
of t h e  c o l l i s i o n s  of atoms and simple molecules, i n  c lose  a s s o c i a t i o n  
with a major program of experimental  i nves t iga t ions .  The experimental  
i n v e s t i g a t i o n s  i n  our l abora to ry  have been c a r r i e d  out  under a number of 
sponsorships,  but t h e  o v e r a l l  program has had s t rong  con t inu i ty  and has 
developed extremely important and novel measurements of a number of 
c l a s s e s  of c o l l i s i o n  problems. The present  con t r ac t ,  supplemented by 
support  f o r  t h e o r e t i c a l  work from o t h e r  agencies, has supported a v e r y  
f r u i t f u l  and s t a b l e  i n t e r a c t i o n  between t h e  p a r a l l e l  t h e o r e t i c a l  and 
experimental  programs, making p o s s i b l e  a developing understanding of 
important c l a s s e s  of c o l l i s i o n  problems i n  depth i n  a way t h a t  could 
not have been achieved by either t h e o r e t i c a l  o r  experimental  inves t iga-  
t i o n s  alone. 

One of t h e  important aims of t h i s  work is t o  develop, f o r  some 
wide c l a s s e s  of c o l l i s i o n  problems, s u f f i c i e n t  knowledge t o  genera te  
simple and r ap id  methods f o r  e s t ima t ing  c ross  s e c t i o n s  and r e a c t i o n  
r a t e s  needed f o r  p r a c t i c a l  app l i ca t ions .  W e  have r e c e n t l y  developed 
such methods app l i cab le  t o  s e v e r a l  c l a s s e s  of r eac t ions  important i n  
atmospheric and ionospheric  problems and elsewhere: ion-ion n e u t r a l i z a -  
t i o n ,  charge t r a n s f e r  a t  l a r g e  d i s t ances ,  and o p t i c a l  or metas tab le  
e x c i t a t i o n  connected w i t h  charge t r a n s f e r ,  

Broadly considered, t h e  work done i n  t h i s  t h e o r e t i c a l  program has 
had two major cen te r s  of grav i ty ,  one i n  t h e  more genera l  and formal 
aspec ts  of c o l l i s i o n  theory and t h e  o the r  i n  s p e c i f i c  a p p l i c a t i o n s  of 
c o l l i s i o n  theory t o  s p e c i f i c  s c a t t e r i n g  processes  observed i n  the 
labora tory ,  w i t h  a heavy emphasis on t h e  a n a l y s i s  and i n t e r p r e t a t i o n  of 
experimental  r e s u l t s  i n  t h e  l i g h t  of t h e o r e t i c a l  p r inc ip l e s .  I n  t h e  
first t h r e e  or four  years  of t h i s  program, t h e  emphasis was d i s t i n c t l y  
on t h e  more genera l  a spec t s  of s c a t t e r i n g  theory, w i t h  a p p l i c a t i o n s  
from t i m e  t o  t i m e  t o  s p e c i f i c  processes  t h a t  could be compared with 
experiments. Since about 1964 t h e  emphasis has inc reas ing ly  been on 
problems c l o s e l y  connected with experiments, e s p e c i a l l y  experiments 
being conducted i n  our own labora tory .  However, t h e  more formal and 
genera l  aspec t  of s c a t t e r i n g  theory has continued t o  play an e s s e n t i a l  
p a r t  i n  t h e  program, One of t h e  p a r t i c u l a r  s t r e n g t h s  of t h i s  program 



has been our capability of moving from a very detailed and narrowly 
focused examination of a specific, experimentally motivated problem to 
a broader and more detached point of view encompassing more general 
principles and broad classes of reacting systems. Our strength in the 
basic and formal collision theory has provided a foundation and a 
perspective that have been invaluable in making possible a sound under- 
standing and a deep and searching analysis of the experimental problems 
on which we have focused attention. 

In this report we shall outline our accomplishments in atomic and 
molecular collision theory over the last ten years or more, reviewing 
the overall pattern and the high points without going into technical 
details or reproducing the mathematical and theoretical arguments. 
All those details are set forth in publications that are listed later 
in this report and also in the thirty-one quarterly reports that have 
previously been issued. Our primary focus is on the accomplishments 
directly attributable to this contract, but we shall also mention, and 
list separately in the list of publications, related accomplishments 
under other sponsorship that have also contributed to the overall 
development of our understanding in this broad field of collision 
theory. These related works have often developed aspects of our know- 
ledge that have then been of use in this NASA project, and conversely 
some of the work we have pursued under other sponsorship has naturally 
drawn on and carried further ideas that were first developed under this 
particular contract, Naturally, continuing developments at present and 
in the future will also be continually drawing on insights, concepts, 
and techniques that have been developed in the course of this very 
productive program. NASA, which has supported this work, deserves 
great credit for creating the foundation on which these new develop- 
ments are taking place. 

General Scattering Theory 

The work in our laboratory on fundamental aspects of collision 
theory initially arose out of an interest in some specific experimental 
observations made in England and elsewhere on a class of reactions 
exemplified by 0, + H -, 0, +OH. The reactions in question were all 
exothermic, and the surprising observation had been made that a very 
large fraction of the reaction energy appeared in the form of vibration 
in the newly formed bond (i. e., in the molecule OH in this example), 
and no detectable excitation appeared in the other fragment (0,). Our 
contribution to this problem was based on a consideration of the kine- 
matics of this reacting system and led us to suggest a possible explana- 
tion, according to which the fraction of the available energy appearing 
in vibration would depend primarily on the mass ratios of the atoms 
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involved.' 
appeared t o  show reasonable  agreement w i t h  t h e  pred ic ted  r a t i o s .  
Subsequent work i n  many l a b o r a t o r i e s  has  shown t h a t  t h e  problem is  
considerably more complicated, and o t h e r  f a c t o r s  probably exceed i n  
importance t h e  kinematic  mass r a t i o s  w e  were concerned with. 

An examination of t h e  then-ava i lab le  experimental  evidence 

Although t h e  s p e c i f i c  suggest ion w e  made then  has not  been gene ra l ly  
accepted, another  aspec t  of the experimental  observat ions i s  incontro-  
v e r t i b l e .  That is t h e  f a c t  t h a t  t h e  energy i n  t h e  r e a c t i o n  was divided 
i n  a highly asymmetric way, very f a r  indeed from any s t a t i s t i c a l  d i s -  
t r i b u t i o n  of t h e  kind t h a t  would have been expected had t h e  r e a c t i o n  
taken p l ace  by way of a long-lived c o l l i s i o n  complex. On t h e  cont ra ry ,  
t h e  only p l a u s i b l e  mechanism f o r  producing so  s e l e c t i v e  an e x c i t a t i o n  
process is a very sho r t - l i ved  c o l l i s i o n  involving nothing more than 
i n i t i a l  impact and immediate fragmentation and d i s s o c i a t i o n  i n  the  new 
conf igura t ion .  T h i s  genera l  deduction c e r t a i n l y  remains v a l i d  f o r  t h i s  
whole c l a s s  of r eac t ions .  I t  l e d  i n  t u r n  t o  r a i s i n g  t h e  ques t ion  of 
how one might es t imate  t h e  du ra t ion  or l i f e t i m e  of such a c o l l i s i o n ,  
i n  order  t o  compare t h i s  l i f e t i m e  with t y p i c a l  v i b r a t i o n  times f o r  a 
c o l l i s i o n  complex. I n  connection with such r e a c t i v e  or i n e l a s t i c  
c o l l i s i o n s ,  it appeared t h a t  no s a t i s f a c t o r y  genera l  theory of c o l l i s i o n  
l i f e t i m e s  had ever  been developed, a l though s p e c i a l  formulat ions were 
a v a i l a b l e  t h a t  were app l i cab le  t o  c e r t a i n  s i t u a t i o n s  such a s  unimolecular 
decompositions. I n  cons ider ing  t h i s  problem, w e  were l e d  t o  formulate 
t h e  genera l  idea of t h e  c o l l i s i o n  l i f e t i m e ,  which f o r  i n e l a s t i c  processes  
i n  genera l  becomes t h e  l i f e t i m e  m a t r i x e 2  
theory of t h i s  mat r ix  i n  cons iderable  gene ra l i t y ,  r e l a t i n g  it t o  t h e  
s c a t t e r i n g  mat r ix  a s  a func t ion  of energy. This  concept was apparent ly  
t o t a l l y  new, except f o r  the  s p e c i a l  ca se  of simple e l a s t i c  s c a t t e r i n g .  

The l i f e t i m e  ma t r ix  and i t s  connection with t h e  s c a t t e r i n g  mat r ix  

We were a b l e  t o  develop t h e  

turned out  t o  be a p a r t i c u l a r l y  u s e f u l  new concept and l e d  t o  a whole 
series of i nves t iga t ions .  Among o the r  th ings ,  a cons idera t ion  of 
chemically r e a c t i v e  processes  l e d  immediately t o  t h e  ques t ion  of how 
one should formulate t h e  s c a t t e r i n g  ma t r ix  and t h e  c o l l i s i o n  l i f e t i m e  
f o r  processes  where two bodies a r e  present  before  t h e  c o l l i s i o n ,  but  
t h r e e  f r e e  p a r t i c l e s  a r e  present  af terwards.  To desc r ibe  t h i s  s i t u a -  
t i o n  i n  a simple, general ,  and symmetric way, w e  were l e d  t o  t h e  concept 
of genera l ized  angular  momentum i n  three-body or many-body p rocessese3  
This  a l s o  has turned out  t o  be a very f r u i t f u l  idea which has had 
important uses  i n  t h e  theory of t h e  s c a t t e r i n g  mat r ix4  and i n  t h e  theory 
of three-body chemical r e a c t i o n  r a t e s , 6  i n  connection w i t h  which w e  
have w r i t t e n  s e v e r a l  papers. These have included an ex tens ive  review 
of t h e  theory of three-body r eac t ions  i n  chemical k i n e t i c s e 3 a j 3 '  
T h i s  view of three-body processes  has a l s o  enabled us  t o  develop e x p l i c i t  
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cons t ruc t ions  f o r  three-body and many-body c o l l i s i o n  l i fe t imes , ’  and 
f o r  o the r  a spec t s  of three-body in t e rac t ions .599~’s  
cep t s  were then appl ied  t o  developing a simple and very s a t i s f a c t o r y  
genera l  t reatment  of t h e  thermodynamics of gases, inc luding  dens i ty-  
dependent e f f e c t s ,  i n  which t h e  c o l l i s i o n  l i f e t i m e s  play a lead ing  

The r e s u l t  of t hese  s e v e r a l  p ieces  of work was t o  c l a r i f y  
t h e  connection between c o l l i s i o n  p r o p e r t i e s  a s  s tud ied  i n  s i n g l e  col-  
l i s i o n s  i n  t h e  l abora to ry  and t h e  bulk p r o p e r t i e s  of gases, both s t a t i c  
thermodynamics and time-dependent k i n e t i c  processes .  W e  b e l i e v e  t h a t  
t h e s e  developments have made it much e a s i e r  t o  apply our knowledge 
about c o l l i s i o n s  t o  t h e  p red ic t ion  of var ious types of behavior i n  bulk 
gaseous systems. 

All of t h e s e  con- 

A theme running through a g r e a t  d e a l  of t h i s  work on c o l l i s i o n  
theory has  been our repeated use  of t h e  i n t e r p l a y  between quanta l  and 
c l a s s i c a l  viewpoints. We have over and over managed t o  draw from a 
c l a s s i c a l  p i c t u r e  an i n t u i t i v e  and v i s u a l i z a b l e  model of some of t h e  
e s s e n t i a l  phys ica l  p r i n c i p l e s ,  which w e  have then  been a b l e  t o  e x p l o i t  
by reformulat ing t h e  same p i c t u r e  i n  quan ta l  terms. I n  t h i s  way an 
i n i t i a l  c l a s s i c a l  p i c t u r e  has er-abled us  t o  f i n d  our  way t o  a more 
r igorous  quanta l  formulat ion of our r e s u l t s .  Conversely, we have 
exp lo i t ed  t h e  o the r  s i d e  of t h i s  r e l a t i o n s h i p ,  i n  t h a t  c l a s s i c a l  ex- 
press ions  a r e  of ten ,  under appropr i a t e  condi t ions,  very good approxi- 
mations t o  t h e  c o r r e c t  quanta l  s o l u t i o n  t o  a problem. I n  making use 
of t h i s  p a r a l l e l  w e  have t r i e d  t o  keep p e r s i s t e n t l y  i n  mind t h a t  t h e  
t r u e  physics  of our  atomic and molecular physics  problems is r e a l l y  
governed by quanta l  and not  c l a s s i c a l  mechanics and t h a t  t h e  l i m i t a t i o n s  
of c l a s s i c a l  models must always be a t tended  to .  By playing on t h e  
r e l a t i o n s h i p  between t h e  two views i n  a c r e a t i v e  way, w e  have i n  many 
cases succeeded i n  making use of c l a s s i c a l  c a l c u l a t i o n a l  devices  t o  
express  t r u e  quanta l  e f f e c t s .  This  is  t h e  t r u e  domain of a s emic la s s i ca l  
approach, and w e  have exp lo i t ed  i ts  p o s s i b i l i t i e s  with g r e a t  success. 

I n i t i a l l y  our approach t o  t h e  s e m i c l a s s i c a l  method was based on 
t h e  formal developments previously descr ibed,  and p a r t i c u l a r l y  on our 
f a m i l i a r i t y  with t h e  use  and importance of t h e  s c a t t e r i n g  mat r ix  i n  
atomic c o l l i s i o n  problems. Motivated by t h e  importance of t h e  p a r a l l e l i s m  
between c l a s s i c a l  and quanta l  vers ions  of t h e  c o l l i s i o n  l i f e t ime ,  w e  
i nves t iga t ed  t h e  r o l e  of t h e  same p a r a l l e l i s m  i n  t h e  theory  of t he  
s c a t t e r i n g  matrix, where the  c o n t r o l l i n g  f a c t  is t h a t  quanta l  phase 
s h i f t s  (mul t ip l i ed  by h )  a r e  d i r e c t l y  r e l a t e d  t o  c l a s s i c a l  a c t i o n  
i n t e g r a l s ,  and o f t e n  very wel l  approximated by them. lQ Furthermore, 
t h e  complex quanta l  s c a t t e r i n g  amplitude is o f t e n  very w e l l  approxi- 
mated by t h e  semic la s s i ca l  express ion  
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where 0 is t h e  c l a s s i c a l  d i f f e r e n t i a l  c ros s  sec t ion ,  A is t h e  c l a s s i -  
c a l  a c t i o n  i n t e g r a l  f o r  s c a t t e r i n g  over one of t h e  c l a s s i c a l  t r a j e c t o r i e s  
( l a b e l l e d  by j )  leading  t o  s c a t t e r i n g  a t  t h e  angle  0, and ,y is a small  
cons tan t  phase angle. Drawing on t h e  fundamental work of Ford and 
Wheeler,' w e  developed t h e s e  r e l a t i o n s h i p s  fur ther"  and have appl ied  
them extens ive ly  i n  the  s p e c i f i c  c a l c u l a t i o n s  and ana lyses  of exper i -  
ments t o  be descr ibed l a t e r .  

j j 

j 

I n  t h e  course of t h i s  work we a l s o  developed an  expansion pro- 
cedure" f o r  c a l c u l a t i n g  t h e  r e l evan t  c l a s s i c a l  and semic la s s i ca l  
q u a n t i t i e s  t h a t  j u s t i f i e d  and extended a procedure t h a t  had for some 
t i m e  been used by Everhart  i n  t h e  a n a l y s i s  of experiments. I n  our  
demonstration t h a t  t h e  reduced s c a t t e r i n g  angle  T = E0 (where E is t h e  
energy and 0 the  angle  of s c a t t e r i n g )  can be expanded a s  a power series 
i n  E'l w i t h  c o e f f i c i e n t s  depending only on t h e  impact parameter, we 
were red iscover ing  a r e s u l t  of Le ib f r i ede40  However, i n  observing t h e  
ex i s t ence  of a companion reduced funct ion,  t h e  reduced d i f f e r e n t i a l  
c ros s  sec t ion ,  p = 0 s i n e  a(O,E) ,  where CT is t h e  d i f f e r e n t i a l  c r o s s  
sec t ion ,  w e  were breaking new ground. A b e t t e r  proof of t h e s e  impact 
expansions followed i n  a second paper,15 toge the r  w i t h  a demonstration 
of how they could be used t o  analyze experimental  da t a  and t o  enable  
p o t e n t i a l s  t o  be deduced i n  a simple way from an extended measurement 
of c r o s s  sec t ions ,  by us ing  a simple invers ion  procedure. These pro- 
cedures have turned out  t o  be extremely va luable  i n  t h e  a n a l y s i s  of 
experiments and i n  s p e c i f i c  ca l cu la t ions .  

Atom-Atom and Ion-Atom Col l i s ions  

Since i t s  incept ion,  our t h e o r e t i c a l  work on atom-atom and ion- 
atom c o l l i s i o n s  has been very c l o s e l y  connected with t h e  i n t e r p r e t a t i o n  
and p red ic t ion  of experimental  measurements, p a r t i c u l a r l y  those  being 
conducted i n  our own l a b o r a t o r i e s .  The experimental  work has t o  a very 
l a r g e  ex ten t  concentrated on the s tudy  of e l a s t i c  and i n e l a s t i c  d i f f e r -  
e n t i a l  s c a t t e r i n g  c ros s  sec t ions ,  i n  which good r e s o l u t i o n  i n  both 
energy and angle  is achieved. A s  a r e s u l t ,  t h e  experiments a r e  ab le  
t o  r e so lve  f i n e  d e t a i l s  of s t r u c t u r e  t h a t  g rosse r  methods of observa- 
t i o n  would not have done. I d e n t i f i c a t i o n  and i n t e r p r e t a t i o n  of t h e  
observed s t r u c t u r e  has been a major cha l lenge  t h a t  has had a very 
s t imu la t ing  e f f e c t  on our t h e o r e t i c a l  a c t i v i t i e s .  Conversely, our  
growing t h e o r e t i c a l  understanding and p red ic t ions  have g r e a t l y  stimu- 
l a t e d  t h e  experimental  program and helped guide it t o  a recogni t ion  
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and careful investigation of a number of phenomena that had never been 
previously observed. Our experimental program has also included a 
variety of important measurements of total cross sections of such 
processes as charge transfer into specific radiating or metastable 
states, charge neutralization of positive ions with negative ions, 
sxcitation transfer, and Penning ionization, most of which have also led 
to very productive interactions with this .theoretical program. 

We have surveyed the results of these types of work, emphasizing 
especially the connection between experiment and theory, in several 
readable brief reviews in the last three years. " 9  279 , * J  2 9  The reader 
is urged to supplement the account we give here with a reading of some 
of those papers. For a simple but fairly comprehensive introduction, 
we especially recommend Reference 27.  

The side of our work more closely connected with experimental 
measurements was initiated early in 1964 by our concern to help our 
experimental team to understand and analyze some scattering measurements 
in the interaction of the ion He' with the rare gases He, Ne, and Ar. 
In the first of these systems, He' + He, our experimental group had 
detected an extensive set of oscillations in differential scattering 
that had also been seen in early measurements at higher energies by 
Everhart's group at the University of Connecticut. At that time the 
general source of the oscillations was understood, but there were 
several mysteries, The simple theory available at that time had pre- 
dicted a set of oscillations in the scattering cross section with the 
property that the value of the cross section at the minima should be 
identically zero. This result was distinctly contradicted by the 
experimental measurements, and the improved theory we developed showed 
that the observed non-zero minima were actually to be expected because 
the oscillations represented an interference between two waves of 
different magnitude. l1 (The same explanation was discovered independ- 
ently at about the same time by Francis J. Smith at Belfast.) 

In addition to this qualitative improvement in the theory, we were 
able, using potentials obtained from the literature, to calculate 
strictly ab initio the predicted scattering patterns for the system 
He, The results agreed quite satisfactorily with the experiments 
both in the locations of the maxima and minima and in the absolute 
magnitudes of the cross sections, thus both confirming the calculated 
potentials and providing a reassuring confirmation of the absolute 
cross sections measured in the laboratory. l1 
has refined these results. 

s ' 

Subsequent work by others 
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I n  doing these c a l c u l a t i o n s  on t h e  s c a t t e r i n g  of H e  by He,  w e  

were g r e a t l y  aided by t h e  semic la s s i ca l  procedures t o  which w e  had 
been l ed  through our s tudy of t h e  more formal a spec t s  of t h e  s c a t t e r i n g  
theory." 
of t h e  semic la s s i ca l  method f o r  c a l c u l a t i n g  s c a t t e r i n g  amplitudes, 
including both magnitude and phase, and our paper on t h i s  s c a t t e r i n g  
problem provided, among o t h e r  things,  a n  important i l l u s t r a t i o n  of how 
c l a s s i c a l  c a l c u l a t i o n s  could be exp lo i t ed  t o  p r e d i c t  q u a n t i t a t i v e l y  
i n t e r f e r e n c e  p a t t e r n s  t h a t  a r e  i n t r i n s i c a l l y  quan ta l  i n  nature.  Begin- 
ning w i t h  t h i s  paper, s e m i c l a s s i c a l  methods have played a c e n t r a l  p a r t  
i n  our a n a l y s i s  of experimental  r e s u l t s  and i n  our t h e o r e t i c a l  predic- 
t i o n s  of s c a t t e r i n g  phenomena. W e  have thus  been a b l e  i n  very concrete  
problems t o  e x p l o i t  techniques discovered through our  development of 
t h e  more formal and a b s t r a c t  theory. 

i n  t h e  s y s t e m  He,' l e d  us  t o  p r e d i c t  t h a t ,  a t  comparatively l a r g e  angles  
of s c a t t e r i n g ,  t h e  r e g u l a r  p a t t e r n  of o s c i l l a t i o n s  seen a t  sma l l e r  
angles  would be made more complicated by t h e  supe rpos i t i on  of a d d i t i o n a l  
o s c i l l a t i o n s  of a higher frequency a r i s i n g  from a second type of i n t e r -  
ference p e c u l i a r  t o  s y s t e m s  involving two i d e n t i c a l  nuclei ;  i n  our  
understanding of t h i s  e f f e c t  w e  were g r e a t l y  a s s i s t e d  by d i scuss ions  
with Dr. B. L. Moiseiwitsch of Be l f a s t ,  who was working w i t h  us under 
t h i s  c o n t r a c t  a s  a v i s i t i n g  s c i e n t i s t .  Fortunately t h e  experimental  
da t a  a v a i l a b l e  t o  us  a l r eady  showed t h i s  e f f e c t  a t  l a r g e  angles,  al though 
it had not been recognized. The  t h e o r e t i c a l  p r e d i c t i o n  of t h i s  s t r u c t u r e  
l e d  Dr. D. C. Lorents t o  i d e n t i f y  it i n  t h e  measured data,  and convinced 
us t h a t  t h e  observed o s c i l l a t i o n s  were not merely due t o  some a c c i d e n t a l  
noise.  Furthermore, t h e  theory then provided s u f f i c i e n t  i n c e n t i v e  t o  
warrant improved measurements w i t h  reduced no i se  and extending t o  l a r g e r  
angles.  Fu r the r  confirming measurements were then made e l imina t ing  t h e  
symmetry between t h e  n u c l e i  by s tudying t h e  c o l l i s i o n  4He+ + 3He.  The 
r e s u l t s  d rama t i ca l ly  i l l u s t r a t e d  the  absence of t h e  secondary o s c i l l a -  
t i ons12  and provided t h e  f i r s t  d i r e c t  i l l u s t r a t i o n  of t h i s  symmetry 
e f f e c t ,  which had i m p l i c i t l y  been p red ic t ed  t h i r t y  years  e a r l i e r  and 
which is t h e  analogue i n  s c a t t e r i n g  of a well-known e f f e c t  i n  t h e  
r o t a t i o n a l  s p e c t r a  of symmetric diatomic molecules. 

I n  our c a l c u l a t i o n s  w e  were a b l e  t o  make very e f f e c t i v e  use 

Our c a l c u l a t i o n s  of t h e  c ros s  s e c t i o n s  f o r  d i f f e r e n t i a l  s c a t t e r i n g  

A t  a l a t e r  date ,  following a suggest ion of D r ,  Aaron Temkin, w e  
c a r r i e d  out a f u r t h e r  measurement of t h e  s c a t t e r i n g  of 3He+ -t- 3He,  i n  
which t h e  symmetry e f f e c t  again occurs but is modified by t h e  f a c t  t h a t  
t h e  n u c l e i  are fermions with s p i n  1/2; a s  a r e s u l t ,  t h e  secondary i n t e r -  
ference p a t t e r n  has only h a l f  t h e  amplitude t h a t  it has f o r  4He, and 
t h e  maxima and minima occur a t  d i f f e r e n t  l oca t ions .  The r e s u l t s  con- 
firmed t h e s e  p red ic t ions ,  and t h e  r e l a t i o n s  between a l l  of these i n t e r -  
ference p a t t e r n s  con ta in  a g r e a t  dea l  of information, whose a n a l y s i s  
has no t  y e t  been e n t i r e l y  completed. W e  expect s t i l l  more understanding 
t o  develop i n  t h e  f u t u r e  from a continued study of t hese  very f r u i t f u l  
experiments and t h e o r e t i c a l  concepts. 
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I n  our  i n i t i a l  a t tempt  t o  understand t h e  non-zero minima i n  the 
s c a t t e r i n g  pa t t e rns ,  w e  had considered what e f f e c t  i n e l a s t i c  l o s s e s  
might have on t h e  e l a s t i c  s c a t t e r i n g  pa t t e rn .  While it turned out  t h a t  i n -  
e l a s t i c  s c a t t e r i n g  was not  requi red  t o  expla in  t h e  non-zero minima, our 
cons idera t ion  of t h i s  e f f e c t  suggested t o  us  t h a t  i n e l a s t i c  processes  
connected with t h e  c ross ings  between two s t a t e s  i n  t h e  p o t e n t i a l  energy 
diagram might show up a s  a l oca l i zed  d is turbance  i n  t h e  s c a t t e r i n g  
p a t t e r n  f o r  e l a s t i c  s c a t t e r i n g ,  and t h a t  t h e  r e s u l t i n g  e f f e c t  could be 
used t o  determine t h e  l o c a t i o n  of t h e  c ros s ing  i n  quest ion.  S ince  our 
t h e o r e t i c a l  cons idera t ions  had a l r eady  suggested t h i s  p o s s i b i l i t y ,  we 
were prepared t o  recognize a s  p o s s i b l e  examples of t h i s  e f f e c t  c e r t a i n  
d is turbances  i n  t h e  otherwise r e g u l a r  experimental  s c a t t e r i n g  p a t t e r n s  
t h a t  might otherwise have gone unnoticed or been a t t r i b u t e d  t o  a c c i d e n t a l  
f l uc tua t ions .  Rea l iz ing  t h a t  a pe r tu rba t ion  due t o  a l oca l i zed  c ros s ing  
would appear a t  e s s e n t i a l l y  t h e  same value of t h e  reduced angle  T = E6 
a t  a l l  energ ies  and even f o r  d i f f e r e n t  i s o t o p i c  combinations, w e  were 
a b l e  t o  i d e n t i f y  t h e s e  f e a t u r e s  i n  t h e  experimental  da t a  even though 
they would otherwise have been masked by t h e  noise. This  c r e a t i v e  
i n t e r a c t i o n  between theory  and experiment enabled us  t o  make t h e  first 
i d e n t i f i c a t i o n  of curve-crossing pe r tu rba t ions  i n  t h e  e l a s t i c  s c a t t e r i n g  
of H e +  by He, N e ,  and A r ,  and t o  measure t h e  l o c a t i o n  of one of t h e  
c ross ings  i n  t h e  system He+  + He. l3 

Once convinced of t h e  r e a l i t y  of t h e s e  pe r tu rba t ions  and armed with 
information about t h e  c ros s ing  loca t ion ,  our experimental  team were a b l e  
t o  search  f o r  and i d e n t i f y  t h e  i n e l a s t i c  s c a t t e r i n g  a r i s i n g  from t h i s  
p a r t i c u l a r  crossing,  which e x c i t e s  t h e  Z 3 S  s t a t e  of H e O a 4  The observed 
i n e l a s t i c  s c a t t e r i n g  p a t t e r n  showed c l e a r l y  f o r  t h e  f i r s t  t i m e  a type  
of o s c i l l a t i o n  predic ted  long before  by Stueckelberg,  due t o  t h e  i n t e r -  
fe rence  between two d i f f e r e n t  i n e l a s t i c  t r a j e c t o r i e s ;  w e  were la ter  a b l e  
t o  i d e n t i f y  the same type  of o s c i l l a t i o n s  i n  t h e  e l a s t i c  per turba t ion .  

+ Following these c a l c u l a t i o n s  dea l ing  with t h e  system He, , f o r  which 
t h e  bas i c  p o t e n t i a l s  were a l ready  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  w e  turned 
our a t t e n t i o n  aga in  t o  some aspec t s  of formal c o l l i s i o n  theory and 
p a r t i c u l a r l y  t o  developing t h e  impact expansion techniques mentioned 
above. 
da ta  on d i f f e r e n t i a l  c r o s s  s e c t i o n s  by using t h e  reduced coordinates ,  
p and 7, and compiling da ta  taken a t  d i f f e r e n t  energ ies  i n  a s i n g l e  
presenta t ion .  According t o  our  theory, t h e  r e s u l t s  should f a l l  on a 
s i n g l e  curve independent of energy, a t  l e a s t  i f  the s c a t t e r i n g  a rose  
from a s i n g l e  p o t e n t i a l  without major i n t e r f e r e n c e  e f f e c t s .  To test  
t h i s  conclusion on da ta  a v a i l a b l e  i n  our labora tory ,  w e  made such p 
vs. 7 p l o t s  of t h e  experimental ly  measured s c a t t e r i n g  p a t t e r n s  i n  t h e  
systems He' + N e  and He' + A r  f o r  which no c a l c u l a t e d  p o t e n t i a l s  were 
then ava i l ab le .  This  reduced p resen ta t ion  of t h e  da t a  turned out  t o  

This  work suggested t h e  p o s s i b i l i t y  of present ing  experimental  
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be p a r t i c u l a r l y  successfu l ,  g iv ing  us  confidence i n  t h e  abso lu te  ca l -  
i b r a t i o n  of our da t a  a s  w e l l  a s  i n  the theory w e  had developed.16 
Because of t h i s  i n i t i a l  success, w e  were l e d  s t e p  by s t e p  i n t o  a much 
more thorough and profound a n a l y s i s  of t h e  da t a  than  we had i n i t i a l l y  
contemplated. The r e s u l t  was a major p i ece  of work i n  which w e  were 
a b l e  f o r  t h e  f i r s t  t i m e  t o  deduce p o t e n t i a l s  and information about 
curve c ross ings  purely from a n a l y s i s  of experimental  data .  The  re- 
s u l t i n g  procedures form t h e  b a s i s  of t h e  techniques t h a t  w e  have c a l l e d  
c o l l i s i o n  spectroscopy. 

systems He' + Ne and He' + A r ,  w e  were a b l e  t o  show t h a t  t h e  reduced 
p l o t  of p and 7 was a b l e  t o  encompass not only t h e  da ta  from our lab-  
o ra to ry  i n  t h e  energy range 10 t o  600 eV,  but a l s o  da ta  from Everhar t ' s  
l abo ra to ry  over t h e  reg ion  25,000 t o  100,000 eV, a l l  i n  a s i n g l e  
pa t te rn .16  
and p l a u s i b l e  p o t e n t i a l s  covering a very l a r g e  range of t h e  i n t e r n u c l e a r  
s epa ra t ion  and c l e a r l y  showing e f f e c t s  of she l l  s t r u c t u r e  and sh ie lded  
coulomb i n t e r a c t i o n s  a t  s h o r t  d i s t ances  and p o l a r i z a t i o n  i n t e r a c t i o n s  
a t  l a r g e  d is tances .  I n  addi t ion ,  pe r tu rba t ions  were seen, one of which 
i n  each case  could be c l e a r l y  a t t r i b u t e d  t o  an i s o l a t e d  crossing,,  and 
i ts  l o c a t i o n  on t h e  p o t e n t i a l  diagram could be est imated because w e  
had a l ready  determined t h e  b a s i c  p o t e n t i a l  curve. Furthermore,, a 
r egu la r  s t r u c t u r e  of o s c i l l a t i o n s  were seen i n  t h e  pe r tu rba t ions  i n  
quest ion,  and w e  were a b l e  t o  a t t r i b u t e  t h i s  t o  an  i n t e r f e r e n c e  p a t t e r n  
due t o  t h e  ex i s t ence  of two d i s t i n c t  t r a j e c t o r i e s  i n  t he  reg ion  between 
t h e  c ross ing  poin t  and t h e  c l a s s i c a l  t u rn ing  point ,  a s  pred ic ted  i n  
1932 by Stueckelberg.  Like our e a r l i e r  observa t ion  of t h e  e f f e c t  i n  
i n e l a s t i c  Sca t te r ing , ' "  
phenomenon i n  e l a s t i c  s c a t t e r i n g .  Furthermore, our  paper on impact 
expansions" provided us  with a second t o o l  needed t o  analyze them, a 
reduced phase r e l a t i o n s h i p  t h a t  pred ic ted  t h e  s c a l i n g  of the spacing 
between the o s c i l l a t i o n s  a s  a func t ion  of energy. F ina l ly ,  our a n a l y s i s  
of t h e  da t a  a l s o  showed t h e  e f f e c t s  of o the r  c ross ings ;  t hese  were 
apparent ly  r a t h e r  c l o s e  toge the r  and had t h e  e f f e c t  of opening up a 
l a r g e  number of competing channels and causing a major loss  from t h e  
e l a s t i c  s c a t t e r i n g  channel, Again, t h e  reg ion  of i n t e r n u c l e a r  d i s t ances  
i n  which these  c ross ings  occur could be i d e n t i f i e d .  

I n  our  f i r s t  paper on c o l l i s i o n  spectroscopy, dea l ing  w i t h  t h e  

From these r e s u l t s  w e  were a b l e  t o  deduce very reasonable  

t h i s  was t h e  f i r s t  c l e a r  demonstration of t h e  

This  major s tudy of t h e  information t h a t  could be obtained from 
e l a s t i c  s c a t t e r i n g  had allowed us t o  develop p r a c t i c a l  t o o l s  t h a t  could 
a l s o  be used t o  analyze i n e l a s t i c  s c a t t e r i n g .  For example, from t h e  
information we a l ready  had about t h e  e l a s t i c  per turba t ions ,  it was 
poss ib l e  t o  p red ic t  t h e  l o c a t i o n s  i n  which t h e  corresponding i n e l a s t i c  
processes  would be seens From t h i s  po in t  on, our understanding of t h e  

9 



theory  has  had a g r e a t  in f luence  on t h e  planning and conduct of our 
experimental  i nves t iga t ions ,  a s  w e l l  a s  on t h e  a n a l y s i s  of t h e  da t a  
they produced. The f i r s t  f r u i t  of t h i s  work was a major i nves t iga t ion  
of one of t h e  i n e l a s t i c  s c a t t e r i n g  t r a n s i t i o n s  i n  t h e  system H e  +Ne, 
namely, t h e  i n e l a s t i c  s c a t t e r i n g  producing Ne* i n  i t s  f i r s t  exc i t ed  
s t a t e  a t  16 .1  eV.,*In t h i s  work w e  were a b l e  t o  measure i n t e r f e r e n c e  
o s c i l l a t i o n s  of t h e  Stueckelberg type corresponding t o  a p a i r  of 
t r a j e c t o r i e s  lead ing  t o  t h e  i n e l a s t i c  s c a t t e r i n g ,  Again our a n a l y s i s  
of t h e  da t a  was guided by t h e o r e t i c a l  p r i n c i p l e s  previously developed 
here.  I n  t h i s  case, from an  a n a l y s i s  of t h e  amplitude of t h e  i n e l a s t i c  
s c a t t e r i n g  a s  a func t ion  of energy toge ther  with our p r i o r  knowledge 
of t h e  p o t e n t i a l  curves, w e  were a b l e  t o  es t imate  t h e  magnitude of  t h e  
coupling between t h e  i n i t i a l  and f i n a l  s t a t e s  i n  t h e  neighborhood of 
t h e  c ross ing  point ,  t h e  fundamental energy mat r ix  element H,, of t h e  
Landau-Zener theory.  Severa l  papers on t h e  theory of t hese  i n t e r a c t i o n s  
have r e s ~ l t e d . ~ ~ , ~ ~ t ~ ~  Recently w e  have c a r r i e d  out  a more thorough 
t h e o r e t i c a l  ana lys i s  and p red ic t ion  f o r  t h e  system H e  + N e  us ing  both 
t h e  Landau-Zener theory and t h e  more accu ra t e  d i r e c t  s o l u t i o n  of t h e  
coupled equations,  confirming our e a r l i e r  r e s u l t s  and improving our 
es t imate  of t h e  mat r ix  element.22 

-l- 

+ 

Our r e s u l t s  i n  t h i s  f i e l d  have a l s o  s t imula ted  work i n  o the r  lab- 
o ra to r i e s .  I n  p a r t i c u l a r ,  motivated by d iscuss ions  with us, Fleischmann 
and Young a t  General Atomics s tud ied  charge t r a n s f e r  s c a t t e r i n g  i n  t h e  
system He' + A r ,  and w e  p a r t i c i p a t e d  i n  t h e  d e t a i l e d  ana lys i s  of t h e  
da ta .  Once again a thorough ana lys i s  of t h e  experimental  r e s u l t s  enabled 
u s  t o  deduce much new information about curve c ross ings  i n  t h i s  sys t em,  
confirming and amplifying t h e  information w e  had a l ready  deduced from 
t h e  e l a s t i c  s c a t t e r i n g .  A major paper on t h i s  work has r ecen t ly  
a ~ p e a r e d . ~  S t i l l  i n  t h e  course of a n a l y s i s  a r e  t h e  da ta  i n  our lab- 
ora tory  on i n e l a s t i c  s c a t t e r i n g  i n  t h e  same system, H e  + A r .  The 
combination of a l l  t hese  works, toge ther  with our a b i l i t y  t o  weave i n t o  
t h e  whole p a t t e r n  such r e s u l t s  a s  have been obtained i n  o the r  labora-  
t o r i e s ,  a r e  g iv ing  us a unique understanding of t h e  p o t e n t i a l  curves 
f o r  r epu l s ive  and a t t r a c t i v e  s t a t e s  i n  var ious c o l l i d i n g  systems, A s  
t h e  techniques become per fec ted  and a s  our understanding of t h e  types 
of phenomena t o  be seen increases ,  w e  a r e  a b l e  t o  apply our knowledge 
with increas ing  confidence and speed t o  o the r  systems. 3-4 

w e  were a b l e  q u i t e  r ap id ly  t o  analyze and understand some r a t h e r  com- 
p l i ca t ed  o s c i l l a t i o n s  seen i n  t h e  e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  of 
L i +  by Li.35 

-I- 

For instance,  
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I n  t h e  course of t h i s  work w e  have maintained our concern f o r  
developing t h e  underlying genera l  theory and a l s o  f o r  developing 
improved connections between t h i s  branch of c o l l i s i o n  theory and t h e  
t h e o r i s t s  working i n  a number of i n s t i t u t i o n s  on t h e  e l e c t r o n i c  s t ruc -  
t u r e  of diatomic systems. Or ig ina l ly  t h e  molecular e l e c t r o n i c  s t r u c t u r e  
work was o r i en ted  mostly t o  bound-state p o t e n t i a l  curves, and t h e  only 
experimental  tests usua l ly  considered were those  a v a i l a b l e  from o p t i c a l  
spectroscopy. The p o s s i b i l i t y  of applying t h e  same t h e o r e t i c a l  i n fo r -  
mation t o  c o l l i s i o n  problems has only become recognized by t h e  molecular 
t h e o r i s t s  i n  t h e  l a s t  two or t h r e e  years ,  and w e  be l i eve  t h a t  a good 
dea l  of t h e i r  i n t e r e s t  has developed because of our own missionary 
work. 

A p a r t i c u l a r l y  important p iece  of t h i s  missionary a c t i v i t y  was a 
conference organized and held a t  S R I  on t h e  sub jec t  of Diatomic Co l l i -  
s ions  and E lec t ron ic  S t r u c t u r e  on May 4-6, 1967, which brought toge ther  
i n  a very cons t ruc t ive  i n t e r a c t i o n  a number of expe r t s  working i n  t h e  
f i e l d  of molecular e l e c t r o n i c  s t r u c t u r e  along with o the r s  working on 
c o l l i s i o n  problems from both t h e  t h e o r e t i c a l  and experimental  po in t  of 
view. 

A s  a con t r ibu t ion  t o  c l a r i f y i n g  t h e  connection between e l e c t r o n i c  
s t r u c t u r e  theory and c o l l i s i o n  problems, w e  have developed i n  a major 
paper t h e  formal b a s i s  f o r  t h e  d i a b a t i c  r ep resen ta t ion  of c o l l i s i o n  
problems," thereby providing t h e  formal and exact  j u s t i f i c a t i o n  f o r  
procedures t h a t  have long been used i n  such connections a s  t h e  Landau- 
Zener theory.  I n  addi t ion ,  t h e  same paper provides e x p l i c i t  expressions 
f o r  t h e  var ious types of matr ix  elements needed f o r  c o l l i s i o n  problems, 
mat r ix  elements t h a t  should be computed i n  t h e  course of a d i a b a t i c  
e l e c t r o n i c  s t r u c t u r e  ca l cu la t ions .  

The knowledge of i n e l a s t i c  c o l l i s i o n  processes and t h e  p r i n c i p l e s  
governing t h e  es t imat ion  of t h e i r  c ros s  sec t ions ,  developed t o  such a 
l a r g e  ex ten t  under t h e  present  pro jec t ,  a r e  now being used more and more 
i n  our l a b o r a t o r i e s  (and a l s o  elsewhere) i n  t h e  i n t e r p r e t a t i o n  and 
p red ic t ion  of a number of c o l l i s i o n  processes.  Notable a reas  where 
t h i s  knowledge is now being appl ied  inc lude  charge t r a n s f e r ,  e l e c t r o n i c  
e x c i t a t i o n  i n  t h e  course of c o l l i s i o n s ,  i n e l a s t i c  energy t r a n s f e r ,  
charge t r a n s f e r  producing o p t i c a l l y  exc i t ed  or metas tab le  spec ies ,  and 
n e u t r a l i z a t i o n  by c o l l i s i o n s  of p o s i t i v e  with nega t ive  ions.  Af t e r  
almost f o r t y  years  t h e  f u l l  usefu lness  of t h e  Landau-Zener formula i n  
p a r t i c u l a r  is becoming recognized, and i t s  l i m i t a t i o n s  a r e  being taken 
c a r e  of by t h e  development of more r e f ined  t h e o r e t i c a l  models. Enough 
experimental  data  and d e t a i l e d  ca l cu la t ions  a r e  now a v a i l a b l e  f o r  
meaningful comparisons t o  be made and simple i n t e r p o l a t i o n s  t o  be deduced, 
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allowing the needed numerical values  f o r  such q u a n t i t i e s  a s  ma t r ix  
elements t o  be est imated from o t h e r  information t h a t  w e  have about atoms 
and small  molecules. W e  have been applying t h i s  kind of information 
t o  t h e  understanding and p r e d i c t i o n  of a wide range of important 
processes including charge t r a n s f e r ,  323 36 ion-ion n e u t r a l i z a t i o n  i n  
t h e  ionosphere and e x c i t a t i o n  processes  i n  t h e  upper atmosphere. '' 
W e  have r e c e n t l y  made a n  ex tens ive  c o r r e l a t i o n  of information on ma t r ix  
elements a p p l i c a b l e  t o  processes where an e l e c t r o n  is t r a n s f e r r e d a 4  
and have generated from t h i s  a formula for ob ta in ing  these  q u a n t i t i e s  
from such simple and a c c e s s i b l e  atomic parameters a s  i o n i z a t i o n  p o t e n t i a l s  
and e l e c t r o n  a f f i n i t i e s .  The r e s u l t s  have been appl ied with g r a t i f y i n g  
success a l r eady  i n  a number of cases38 and w i l l  be very valuable  i n  t h e  
future .  

Things Not AccomDlished 

I n  t h i s  s e c t i o n  w e  wish t o  make b r i e f  mention of  some t a s k s  t h a t  
w e  considered undertaking or even commenced but t h a t  were not c a r r i e d  
through t o  t h e  po in t  of formal publ icat ion.  

E lec t ron  C o l l i s i o n s  

The i n i t i a l  work statement of t h i s  c o n t r a c t  was a very broad 
one, au tho r i z ing  work on e l e c t r o n i c ,  atomic, and i o n i c  c o l l i s i o n s  i n  
support  of t h e  work being c a r r i e d  on experimentally i n  our laboratory.  
A s  t h ings  have a c t u a l l y  developed, c o l l i s i o n s  with e l e c t r o n s  have not 
been a major s u b j e c t  of our  experimental  work i n  t h i s  laboratory during 
most of t h e  l i f e  of t h i s  con t r ac t .  E lec t ron  c o l l i s i o n s  were more 
important i n  our program i n  t h e  e a r l y  years,  p a r t i c u l a r l y  1960 and 1961 
when t h e  preceding c o n t r a c t  NASw-80 was i n  e f f e c t ,  and a t  t h a t  t i m e  a 
study of s u p e r e l a s t i c  e l e c t r o n  c o l l i s i o n s  w i t h  molecules and atoms was 
an important p a r t  of t h e  work c a r r i e d  out  under t h a t  con t r ac t .  

I n  e f f e c t ,  our work on formal s c a t t e r i n g  theory is  p o t e n t i a l l y  
app l i cab le  a s  much t o  e l e c t r o n s  a s  t o  heav ie r  p a r t i c l e s ,  al though w e  
have not pushed such app l i ca t ions .  However, a s  t h e  s u b j e c t  of i n e l a s t i c  
atomic c o l l i s i o n s  develops i n t o  t h e  region of ene rg ie s  where i o n i z a t i o n  
takes  place,  our s t u d i e s  of curve c ros s ings  a r e  once again br inging us 
i n t o  t h e  domain where processes involving t h e  production of f r e e  elec- 
t r o n s  become important. For t h i s  reason w e  b e l i e v e  t h a t  t h e  s tudy of 
e l e c t r o n  c o l l i s i o n s  or the i r  inverse,  namely, processes producing elec- 
t rons ,  w i l l  become a l a r g e r  p a r t  of our t h e o r e t i c a l  program i n  t h e  
f u t u r e  
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C o l l i s i o n  Lifet imes and Three-Body Reactions 

Ear ly  i n  our s tudy of c o l l i s i o n  l i f e t i m e s  it became c l e a r  t h a t  
uns tab le  t r a n s i e n t  p a i r s  might, when they c o l l i d e  with a t h i r d  par tner ,  
provide an important in te rmedia te  i n  recombination processes both f o r  
atom-atom recombination t o  n e u t r a l  molecules and f o r  e lectron-ion 
recombination or electron-molecule attachment. The formal t reatment  
of t h e  r e s u l t i n g  r e a c t i o n  r a t e s  was f a i r l y  s t ra ight forward4 ,  6 ~ 3 1  and 
l ed  t o  t h e  hope t h a t  i t  would be poss ib l e  t o  use t h e  formalism a c t u a l l y  
t o  e s t ima te  a s p e c i f i c  r e a c t i o n  r a t e  such a s  t h a t  f o r  t h e  process 
H + H + M -, H2 + M. 
s h i f t s  f o r  t h e  c o l l i s i o n s  H + H a s  a func t ion  of energy, a t  c l o s e  enough 
i n t e r v a l s  s o  t h a t  t h e  energy d e r i v a t i v e  of t h e  phase s h i f t ,  which i s  
t h e  c o l l i s i o n  l i f e t i m e ,  could be evaluated,  p a r t i c u l a r l y  i n  t h e  neigh- 
borhood of resonances. Unfortunately a t  t h a t  t i m e  (about 1963), t h e  
published phase-shif t  da t a  fo r  t h i s  c o l l i s i o n  were inadequate f o r  t h e  
purpose. Since t h a t  t i m e  t h e  necessary phase s h i f t s  have been generated,  
and used i n  j u s t  t h e  way w e  had i n  mind, by Roberts, Bernstein,  and 
Cur t i s s ,  a t  t h e  Univers i ty  of Wisconsin. 
proposed has thus  had a very  success fu l  app l i ca t ion  and w i l l  undoubtedly 
be used on o the r  systems i n  t h e  fu ture .  

To do t h i s ,  one would need pr imar i ly  t h e  phase 

The technique t h a t  w e  4 1 , 4 2  

Semic lass ica l  and Quanta l  Theorv of S c a t t e r i n g  Amplitude 

The paper "Class ica l  and Quantal  Sca t t e r ing ,  I"'@ was intended 
a s  t h e  f i r s t  of a series, i n  which success ive  papers would be devoted 
i n  more d e t a i l  t o  s emic la s s i ca l  and quan ta l  formations and t h e  r e l a t i o n -  
sh ips  between them and t h e  c l a s s i c a l  formula. Our i n i t i a l  work on 
these  f u r t h e r  developments became postponed, p a r t l y  because t h e  f i r s t  
d r a f t  of t h e  work was c l e a r l y  no t  r i p e  f o r  publ ica t ion ,  but more i m -  
po r t an t ly  because our work on t h e  i n t e r p r e t a t i o n  and p red ic t ion  of 
experimental  s c a t t e r i n g  measurements turned out  s o  success fu l ly  and 
took a higher  p r i o r i t y .  However, many of t h e  r e s u l t s  of our i n i t i a l  
s t u d i e s  of s emic la s s i ca l  expressions became app l i cab le  and were published 
i n  connection with t h e  a n a l y s i s  of t h e  experimental  results. l '9 ' '  
Eventually t h e  need f o r  another  formal work on t h i s  t o p i c  was f i l l e d  
by a very success fu l  and g r a t i f y i n g  set of papers by M. V, B e r r ~ , ~ ' ~ ~ ~  
s o  t h a t  f u r t h e r  work here  was unnecessary. This  t o p i c  i s  now becoming 
more a c t i v e  again. 46 

C o l l i s i o n  Lifet imes i n  t h e  Theory of Transport  Processes 

W e  have used t h e  theory of t h e  l i f e t i m e  mat r ix  and t h e  
s c a t t e r i n g  matr ix  very success fu l ly  both  i n  t h e  s t a t i s t i c a l  thermodynamics 
of gases  and i n  chemical k i n e t i c s ,  inc luding  three-body reac t ions .  The 
theory of t r anspor t  p rope r t i e s  a l s o  appears  t o  be a promising one f o r  
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a p p l i c a t i o n  of some of the  same considerat ions.  Although some work 
i n  t h i s  d i r e c t i o n  has been done by K i m  and Ross,45 w e  b e l i e v e  t h a t  t h e  
techniques w e  have developed could be app l i ed  with g r e a t  success t o  
gene ra l i z ing  and perhaps s implifying some of t h e  r e s u l t s  of t r a n s p o r t  
theory. Such a p i ece  of work has not  been undertaken here,  nor apparent ly  
elsewhere, i n  our own case because of t h e  competit ion of o t h e r  ma t t e r s  
t h a t  seemed t o  have a h ighe r  p r i o r i t y .  It  is, however, an important 
p i ece  of work t h a t  would seem t o  be worth ca r ry ing  out i n  t h e  fu tu re .  

ADDlications 

The developments w e  have r epor t ed  he re  a r e  app l i cab le  t o  a g r e a t  
v a r i e t y  of problems i n  chemical k i n e t i c s ,  thermodynamics, shock waves, 
atmospheric processes,  gaseous l a s e r s ,  and o the r  d i v e r s e  f i e l d s .  A 
number of these a p p l i c a t i o n s  a r e  being made o u t s i d e  SRI, and about 
many of them w e  a r e  uninformed; an a p p l i c a t i o n  t o  atomic recombination 
r a t e s  by Bernstein,  e t  a l . 4 1 ~ 4 a  has a l r eady  been c i t e d .  -- 

I n  our own l abora to ry  w e  have r e c e n t l y  been applying t h e  knowledge 
w e  have gained i n  t h i s  program t o  some very s p e c i f i c  c a l c u l a t i o n s  of 
ion-ion recombination r a t e s , z 3  of charge t r a n s f e r  i n  symmetric and 
asymmetric systems,32J36 and of i n e l a s t i c  e l e c t r o n  t r a n s f e r  processes 
leaving one of t h e  products i n  a n  e l e c t r o n i c a l l y  exc i t ed  s t a t e ,  e i ther  
r a d i a t i n g  or metastable.s7,38 
a p p l i c a t i o n s  i n  t h e  upper atmosphere and ionosphere of t h e  ea r th ,37  
and a l s o  of o the r  p l ane t s .  The techniques w e  have developed f o r  making 
simple e s t ima tes  of these c ross  s e c t i o n s  and r e a c t i o n  r a t e s  a r e  expected 
t o  be of considerable  u t i l i t y  t o  o the r  workers i n  t h e s e  and r e l a t e d  
f i e l d s .  

A number of t h e s e  r e a c t i o n s  have s p e c i f i c  

A s  w e  have surveyed t h i s  whole program and its s a l i e n t  r e s u l t s ,  
two f e a t u r e s  of i t  s t and  out a s  e s p e c i a l l y  important. F i r s t ,  t h e  
c r e a t i v e  e f f e c t  of a very c l o s e  interchange between experiment and 
theory is evident ,  and, second, t h e  value of a c l o s e  i n t e r p l a y  between 
t h e  more a b s t r a c t  and fundamental view of c o l l i s i o n  problems and t h e  
more d i r e c t l y  appl ied c a l c u l a t i o n s  and analyses.  W e  b e l i e v e  t h a t  t h e  
a l t e r n a t i o n  between and i n t e r a c t i o n  of  t h e s e  va r i ed  po in t s  of view have 
had a very cons t ruc t ive  e f f e c t  on our a b i l i t y  t o  t r e a t  s p e c i f i c  appl ied 
problems. A number of the  p r a c t i c a l  and simple computing methods t h a t  
w e  a r e  now using very e f f e c t i v e l y  would never have been discovered had 
it not  been f o r  t h e  p l a c e  t h a t  a more long-range viewpoint had i n  t h i s  
program. 
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A s  a p r a c t i c a l  mat ter ,  t h e  u l t ima te  aim of work of t h i s  type  is  
t h e  development of an understanding of l a r g e  c l a s s e s  of reac t ions ,  s o  
t h a t  numerical values  f o r  s p e c i f i c  processes  t h a t  a r e  needed f o r  prac- 
t i c a l  purposes ( f o r  example, i n  p red ic t ing  r eac t ions  i n  t h e  upper 
atmosphere or i n  shock waves, e tc , )  can be obtained r ap id ly  and econ- 
omically when needed. For r a p i d i t y  and s impl i c i ty ,  one would l i k e  t o  
develop procedures whereby one could produce t h e  needed information by 
a simple and r ap id  c a l c u l a t i o n  using a l ready  access ib l e  a u x i l i a r y  in-  
formation (such a s  tabula ted  atomic or molecular p rope r t i e s ,  spec t r a ,  
and ion iza t ion  p o t e n t i a l s ) .  Somewhat less favorable  but s t i l l  very 
valuable  would be t h e  a b i l i t y  t o  genera te  t h e  needed data  by a s tandard-  
ized and inexpensive computer ca l cu la t ion ,  p a r t i c u l a r l y  i f  t h e  ca lcu la-  
t i o n  procedure could be appl ied  r e a d i l y  and i n  a rou t ine  way t o  a l a r g e  
number and v a r i e t y  of systems. Thirdly,  s t i l l  f e a s i b l e  but  somewhat 
more t i m e  consuming, would be methods of p red ic t ion  whereby one could 
genera te  t h e  information needed a f t e r  a simple and rou t ine  measurement 
of c e r t a i n  atomic or maoecular p rope r t i e s ,  which might,indeed have t o  
be measured s p e c i f i c a l l y  f o r  t h e  purpose i n  mind. For example, it has 
long been rou t ine ly  poss ib l e  t o  measure var ious f ea tu res  of t h e  o p t i c a l  
spec t r a  of var ious atoms or molecules and from t h e s e  spec t r a  t o  p r e d i c t  
r e l i a b l y  var ious p rope r t i e s  t h a t  depend on them, including molecular 
fo rce  cons tan ts ,  s p e c i f i c  hea t s  and o the r  thermodynamic p rope r t i e s ,  
and t h e  l i k e .  W e  be l i eve  t h a t  t h e  measurement of a number of c o l l i s i o n  
p rope r t i e s  may soon become equal ly  p r a c t i c a b l e  and equal ly  f r u i t f u l  i n  
genera t ing  s tandard types of information t h a t  could be used f o r  pre- 
d i c t i v e  purposes i n  t h e  same way a s  o p t i c a l  spec t roscopic  da ta  a r e  now 
rou t ine ly  used. 
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t h e  wr i t i ng  of t h r e e  papers i n  which w e  have reviewed a spec t s  of t h e  
f i e l d  of c o l l i s i o n  physics .  
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atomic and molecular c o l l i s i o n s .  These experimental  s t u d i e s  have been 
supported by a number of agencies ,  inc luding  ARPA, ARO, DASA, AFCRL, 
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